A method is described for efficiently concentrating enteroviruses from soil. Viruses were eluted from soil by mechanical agitation in high pH glycine buffer containing ethylenediaminetetraacetic acid. The eluted viruses were concentrated on a floc that formed de novo upon adjustment of the soil eluate to 0.06 M aluminum chloride and pH 3.5. Viruses not pelleted with the floc were concentrated by adsorption to and elution from membrane filters. This method yielded an average efficiency of 66% recovery from loamy sand soil for four enteroviruses.
A method is described for efficiently concentrating enteroviruses from soil. Viruses were eluted from soil by mechanical agitation in high pH glycine buffer containing ethylenediaminetetraacetic acid. The eluted viruses were concentrated on a floc that formed de novo upon adjustment of the soil eluate to 0.06 M aluminum chloride and pH 3.5 . Viruses not pelleted with the floc were concentrated by adsorption to and elution from membrane filters. This method yielded an average efficiency of 66% recovery from loamy sand soil for four enteroviruses. Virus recovery from soil was consistently high, with samples ranging in size from 25 to 500 g. The method was used successfully to isolate naturally occurring viruses from soil beneath a wastewater land treatment site. Recovery of enteroviruses by this method from different types of soil was dependent on percentage of clay, surface area, and cation exchange capacity. Recovery was not dependent on soil saturation pH or on percentage of organic matter. This method should prove useful for studying enterovirus migration and survival during the land application of domestic sewage.
Land disposal of wastewater is popularly regarded as a valuable means for advanced sewage treatment, for water recycling through crop irrigation, and for groundwater recharge. A large percentage of enteroviruses in wastewater appear to be removed readily by percolation through the soil (10, 11, 21) . This removal is not always complete, since enteroviruses have been isolated from groundwater beneath treatment sites (2, 8, 19, 21) . The removal of viruses by the soil is probably due in large part to specific adsorption of the virus to soil particles. Virus adsorption to soil is affected by many factors, including the nature of the soil, cation level of the water in which the viruses are suspended, and the flow rate of the virus suspension through the soil (3, 5, 8, 9, (14) (15) (16) (17) .
One unanswered question concerning the land treatment of wastewater is the fate of human pathogenic viruses retained in the soil during this process (1, 2, 4, 8, 9) . To our knowledge, naturally occurring enteroviruses retained by soil during land treatment have been the subject of only one previous study, one in which the efficiency of virus recovery was not evaluated (12) .
The purpose of the present study was to develop a simple and quantitative method for eluting and concentrating small amounts of enteroviruses from large quantities (up to 500 g) of soil used for land treatment of sewage effluent.
AIATERIALS AND METHODS
Virus and viral assays. Plaque-purified strains of poliovirus 1 (strain LSc), coxsackievirus B3 (strain Nancy), coxsackievirus A9 (strain Bozek), and echovirus 7 (strain Wallace) were used. The virus stocks were passaged and assayed in BGM cells, a continuous monkey cell line. Viral assays were done by the plaqueforming unit (PFU) method as previously described (18). Virus samples to be assayed were inoculated into 1-ounce (about 30-ml) Flint glass bottles at a level of 0.1 ml/bottle or into 75-cm2 plastic tissue culture flasks at a level of 2.0 ml/flask. The cells were grown in Eagle medium containing 10% fetal calf serum (FCS), 100 U of penicillin per ml, and 100 ,ug of streptomycin per ml. If necessary, samples were diluted in tris(hydroxymethyl)aminomethane (Tris) buffer containing phenol red plus penicillin and streptomycin in the same concentrations as given above. Naturally occurring viruses were assayed by the same procedure. The agar overlay used in the plaque assay of naturally occurring viruses contained 10 ug of neomycin sulfate per ml in addition to the penicillin and streptomycin.
Mycostatin was used in the overlay as needed.
Soil. The methodology for virus elution was developed largely by using loamy sand obtained from the Salt River bed near Phoenix, Ariz. (FM soil). This soil is identical to that used in the rapid infiltration beds at the Flushing Meadows experimental wastewater through James F. McNabb (U.S. Environmental Protection Agency, Ada, Okla.). These four soils have been characterized extensively by Enfield et al. (6) .
The soil samples used in the natural isolation study were collected from secondary effluent rapid infiltration basins at the Flushing Meadows project site. The samples were collected on the 1st day after the termination of the flooding cycle. There is no standing wastewater on the surface of the basins by day 1. The soil samples were placed in plastic bags and frozen on dry ice immediately after collection and then stored at -70°C until eluted, approximately 4 months after collection. The Flushing Meadows project site has been described in detail by Gilbert et al. (11) .
Adsorption of virus to soil. Virus was adsorbed to FM soil by the addition of 1 The supernatant that resulted from pelleting the aluminulm hydroxide-organic floc subsequently was passed through a 3.0-and 0.45-n-porosity, 47-mmdiameter filter series (Duo-Fine series, Filterite Corp., Timonium, Md.) to trap any remaining viruses. The filters were then eluted with 7 ml of 0.25 M glycine + 0.05 M EDTA (pH 11.5) buffer. The filter eluate was assayed for virus by direct inoculation onto BGM cells after adjustment to 0.12 M MgCl2 and pH 7.0 by addition of 4 M MgCl2 and 0.25 M glycine buffer, pH 2.0. Addition of magnesium chloride was done to neutralize the effect of the EDTA, which otherwise caused detachment of the cell monolayers from the tissue culture bottles. When necessary, the filter eluate was diluted in Tris buffer before inoculation.
RESULTS
Virus elution. The efficiency of virus elution from soil was examined for glycine buffers of different strengths, as well as for organic solutions and two metal ion chelators. In all cases, virus elution was found to be highly dependent on the pH of the eluent buffer. With glycine buffer, elution was also related to the buffer concentration. EDTA was evaluated at a concentration of 0.05 M, since this amount had been used by Gerba et al. (7) for elution of virus from estuarine sediments. Table 1 lists the maximum elution efficiencies for the different soil eluents.
The virus elution values shown in Table 1 were obtained by agitating the soil-eluent mixture for 15 Previously, we found that agitation with a magnetic stirrer increased virus elution from activated sewage sludge solids by reducing the time of exposure to the high pH (13) . We found this technique to likewise be effective with soil. Elution by magnetic stirring was greater using the glycine + EDTA buffer than with either the glycine alone, the beef extract alone, or the glycine + ethyleneglycol-bis(/8-aminoethyl
The optimum ratio of glycine + EDTA buffer to soil for maximum virus elution was determined to be 4 volumes (100 ml of eluent per 25 g of soil) ( Table 2 ). The mixing time that yielded the maximum elution using 4 volumes of glycine + EDTA buffer was 4 to 5 min. For the remainder of the study, elution of virus from all soils was done with 4 volumes of 0.25 M glycine + 0.05 M EDTA buffer (pH 11.5), with agitation of the soil-eluent mixture for 4 min on a magnetic stirrer.
Virus concentration. Our initial efforts to concentrate virus from the 0.25 M glycine + 0.05 M EDTA soil eluent involved adjustment of the eluent to pH 3.5 with subsequent passage through a 3.0-and 0.45-[tm-porosity filter series (Filterite). Previous studies performed in our laboratory have used this method to concentrate enteroviruses from estuarine sediment that had been eluted with the same glycine + EDTA eruent (7). 11.5 . A very large volume of eluent was needed for this step (60 ml of eluent to recover viruses from 50 g of soil). We then added an intermediate step consisting of centrifugation of the soil eluent, after the addition of AlCl3 and adjustment to pH 3.5, in order to collect a low pH aluminum hydroxide-organic floc that formed upon addition of aluminum chloride to the eluent and pH adjustment. Virus adsorption to and recovery from the low pH floc was greater if 0.06 M AlCl3 was added to the soil eluent before collection of the floc. The percentage of viruses in the soil eluent that pelleted with the floc ranged from 9 to >99%, depending on the virus strain and the type and amount of soil eluted. Maximum recovery of virus from the low pH floc was obtained by suspension in FCS (Table 4 ). This step of collecting the floc before filter concentration reduced the amount of buffer required to elute the filter series by almost 90% (from 60 to 7.0 ml) and was therefore added to our final method for eluting and concentrating enteroviruses from soil (Table 5 ). Data presented for the development of this method for virus recovery from soil represent the average results of two to six experiments.
Comparisons of the recoveries for different enteroviruses from 25 g of FM soil using the method outlined in Table 5 were as follows: poliovirus 1, 67%; coxsackievirus B3, 84%; coxsackievirus A9, 37%; echovirus 7, 88% (average = 69%). The efficiency of poliovirus recovery achieved from 500 g of soil was only slightly less than for 25 to 50 g of soil (Table 6) .
Soil parameters affecting virus recovery. Various soils were next examined to determine whether the nature of the soil (Table 7) affected the efficiency of virus recovery by the method we developed with FM soil (Table 8 ). The net recovery of poliovirus from these soils ranged from 36 to 769%. In general, the efficiency of virus recovery is decreased in soils having a high clay content.
Quantitation of viruses in the field. The method for virus recovery from soil (Table 5) 'FM soil (200 g) was mixed with 200 ml of distilled water for 30 min at 250 rpm on a shaker table. The mixture was then centrifuged, and the soil pellet was suspended in 4 volumes of glycine + EDTA buffer. The soil and eluent suspension was mixed on a magnetic stirrer for 4 min and centrifuged, and the supernatant (eluent) was neutralized. The neutralized eluent was divided into 50-ml portions, to each of which was added 3 x 105 PFU of poliovirus and 0.06 M AlC13. Each portion was then adjusted to pH 3.5 and passed through a 3.0-and 0.45-,um-porosity filter series.
b Tryptose phosphate broth. Table 3 . The soil eluent was divided into two equal portions, one of which was adjusted to 0.06 M AlCl3. Both portions were then seeded with 2.5 x 106 PFU of poliovirus, adjusted to pH 3.5, and centrifuged to collect the floc that formed de novo. Portions of the floc (one containing A1C13 and the other without AlCl3) were treated and assayed as indicated in the table. bVirus adsorption to floc = 99.93%.
'Virus adsorption to floc = 74%.
infiltration basin used for processing secondary treated sewage effluent. Virus was recovered at depths ranging from 0.0 to 25 cm. The amount of virus detected per 200 g (wet weight) of soil was 54 PFU in the surface layer (0 to 2.5 cm), 3 PFU in the 2.5-to 10-cm-depth layer, and 2 PFU in the 10-to 25-cm-depth layer. DISCUSSION The efficiency of enterovirus elution from soil was shown to be dependent upon both the strength and pH of the elution buffer. The final method for eluting enteroviruses from soil uses a high pH glycine buffer containing EDTA and is similar to that used by Gerba et al. (7) for recovery of enteroviruses from estuarine sediments. The viruses contained in the soil eluate were concentrated onto a low pH aluminum hydroxide-organic floc formed by adjustment of the eluent to 0.06 M AlCl3 and pH 3.5. The floc was then pelleted by centrifugation, and the viruses remaining in the supernatant were retained on and subsequently eluted from a 3.0-and 0.45-,um-porosity filter series (Filterite), again using high pH glycine + EDTA buffer. The low pH floc was suspended in FCS, and this suspension was assayed for virus by direct inoculation onto BGM cells. The filter eluent was also assayed by direct inoculation after adjustment to 0.12 M MgCl2 to prevent the EDTA from detaching the BGM cells from their substrate.
This technique for the elution and subsequent concentration of enteroviruses from soil requires approximately 1.5 h for completion and yields a low sample volume with approximately a 6.5-fold reduction over the initial volume of soil (200 g of FM soil -+ 8.6 ml of neutralized filter eluate and 21.5 ml of floc + FCS suspension). Greater elution of adsorbed viruses from soil was obtained by using alkaline 0.25 M glycine + 0.05 M EDTA buffer than with either glycine buffers alone, 2% beef extract, 10% FCS, EDTA, or EGTA. Addition of EDTA at a level of 0.005 M to the FCS used for suspension of the low pH floc before assaying increased virus recovery for both the FM and Rubicond soils but not for the Chigley, Vernon, or Clarita soils.
The final method has an average efficiency of 69% for the recovery of four enteroviruses from 25-g quantities of loamy sand (FM) soil. The Table 1. b Virus recovered from soil by the elution and concentration method presented in Table 5. recovery of poliovirus from 500 g of FM soil was only slightly less (-10%) than that obtained using 25-and 50-g amounts of FM soil. Poliovirus recovery from this soil was similar at both high and low virus inputs. Recovery of poliovirus with this technique was good for a wide range of physical soil types and was independent of percentage of organic matter (over the limited range examined) or saturation pH. Poliovirus recovery was related directly to percentage of clay, surface area, and cation exchange capacity. For the soils tested, surface area and cation exchange capacity were related to the percentage of clay. Efforts made to improve the efficiency of virus recovery from soils of high clay content by increased centrifugation time of the soil-eluent mixture or using higher concentrations of EDTA were not successful. Although virus recovery was less with soils of high clay content, these soils are less likely to be studied for the rapid infiltration of wastewater because of their low permeability.
An important consideration in our method for enterovirus isolation was to measure recovery of only that virus which had been physically adsorbed to the soil particles. Tierney and co-workers (20) have reported high enterovirus recovery from a soil suspension with the use of cell culture media at pH 8.5. The efficiency of using cell culture media at pH 8.5 for elution of poliovirus adsorbed to soil by the method described in this paper was relatively low (5%).
Our finding that the amount of virus in the upper surface of the soil column was approximately 1 logio higher than that found between the 2.5-and 25-cm levels closely corresponds with the data obtained by Lance et al. (14) concerning the removal of enteroviruses from wastewater applied to laboratory columns of this Table 5. same soil. These results provide direct support for the theory that the removal of viruses from wastewater that occurs during passage through soil is due to adsorption of the virus onto soil particles (2, 8) .
This study was concerned with the development of a relaively simple method for measuring enterovirus levels in various soils. With this method, we were able to demonstrate that enteroviruses are present in the soil of secondary treated sewage effluent inflUtration basins and that the amount of detectable virus decreases with increasing depth. The information obtained should be of value in evaluating potential viral hazards associated with land application of wastewater and in assessing virus survival and migration in soil.
